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Theliteratureaboutgraphiteformationinductileironpro-
posestheexperimentallysupportedtheorylhatthisphase
formsin themelt.[1-4]
Thisisnaturallyacceptedasa consequenceaf theeuteclic
reactionoftheiron-carbonequib"briumdiagram.Thisreaction
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requiresthatduringcooling,at1150-1100°C,theliquidwitha
eutecticompositiondecomposesintotwosolidphases,pure
graphiteaOOaustenitewithaearboncontentdoseto2%in
weight.li theductileironshaveageneraIlyeutecticomposi-
tion,thepresenceofneitherpro-eutecticgraphitenorauste-
niteseemsnecessaryforeutecticgraphiteformation.
Accordingtotheproposedsolidificationpath,thegraphite
nodulesbecomencapsulatedbyanaustenitecase,resulting
ina10ssofconmctbetweenliquidandgraphite.Carbonwill
thenhavetodiffusefromtheliquidthroughtheausteniteto
thegraphitetoallowfurthergrowth01bothsolidphases.
Thisgrowthmechanismisresponsibleforaspecwcsegre-
gationpatternatlhescaleoí theeutectice1l.Duringsolidifi-
cation.a carbongradienthas to existagainsthegraphite
phase;thiscompositiongradientconstitutesthedrlvingforce
forcarbondiffusion.ThismeansthatthecaJboncontentmust
increasewiththedistancetothenodule,achievingitsequili&-
riumcontentinthehomogeneousliquidfarfromthegraphite
nodule.In fact,theliquidsurroundingtheausteniteshellhas
tobecarbonenrlehed,otherwisediffusionwill noloccur.50a
carbon-rlchliquidwill bethelastmelttosolidifyandwill be
locatedattheeutecticel1boundaries.
Simultaneouslywithcarbonsegregation,alIoyingelements
alsoplayaroleinchemicalpartitioning:somewill remainin
theliquidphaseandwiIl concentrarein thelastregionstoso-
lidifyandolherswill migratetothesolidmatrlxsurraunding
thegraphitenodule,beingassociatedwiththeearly-solidified
regions.Carbide-forminge1ementslikeMn,Cr, andMo wi1l
segregare(positively)totheeutectlceUboundarles.Non-car-
bideforminge1ementslikeSi,Cu,aOONi willsegregate(neg-
ative1y)totheso-calledgraphite/matrixinterface.An effec-
tivepartition,orsegregation,coefficient" is definedforeach
elementastheratiobetweenthecomentaftheelementin tOO
graphitenaduleinterfaceandthecontentofthesarne lement
in theeutecticeUboundary;k is greaterthanunityfor ele-
mentswithnegativemicrosegregationa dlessthanunityfor
elementswithpositivernicrosegregation.
Ali theseissueswereestablishedlongagain theliterature
andaresupportedbynumerousanalyticaltechniques.[4.5-31
lf thismadelreflectsreality,thedescribedmadeofmicro-
segregationwouldbedetectedin thematrixjoiningtwoadja-
ceMgraphltenodules,whereit interceptsacel1boundary.
Wehavebeendealingwiththismicrosegregationquestion
foralongtime,beingengagedformorethantenyearsinaU&-
tempereductileiron(AO!)studies,in whiehmicrosegrega-
tionphenomenareimportantduetotheireffectontheld-
neticsof austenitedecompositioni the bainiticdomam.
Someresultsobtainedidnotappeartobecoherentwiththe
madelpresentedabove.
A recentpublicationproposinganewapproaehtoductile
ironsolidificationl91inducedustorecallsomedatafrompre-
viousworksootoconduetsomenewexperimentsoanaJyze
thisparticularproblemin moredetail.Thesefacts,andtheir
interpretationi thelightof thenewideasaboutductileiron
solidification.arepresentedinthiscommunication.
In thisworkseveralductileironalloyshavebeenstudied.
Theydifferedin compositionandin theprocessingroutes.
TwooftheaIloys(AI andA2)weresuppliedbyanironfoun-
dryandtheolhertwa(A3andA4)wereproducedunderla&-
oratoryconditions.
ThealloysA1andA2wereelectricaDymeltedinafurnace
of150kgcapacitywithabasecompositionsuitableforferritic
ductileironproductionandtreatedby the"fIow-through"
process;CuandMnwereaddedtotherneltafternodularizing
it,intheformofelectrolytieCUandFe-Mn(75wt.-%Mn).Al-
IoysA1andA2werecastinresin-bondedsandin theformDf
cylinders.AI cylinderswere25mmindiameterand200mm
long;A2cylinderswere80mmindiameterand300mmlongo
ThemeltingofalloysA3andA4wascoOOuctedinacore-
lessinductionfumaceof100kgcapacity.Themeltwastrea-
tedbyasandwichprocessoAlloysA3andA4werecastin re-
sin-bondedsandandgravitydie-cast.In gravitydie-casting,
two inoculationstageswereperformed.Y-blocks25mm
thickwerecastinopenmoldsmadeoffuranicresinsand.For
gravilydie-casting,a permanentdiewith anareaof 365x
500mm2andmaximumthicknessof30mmwasused;cylin-
dersof200mminheightand30mmdiameterwerepoured.
Table1displaystheaveragecompositionoftheaJloys,ob-
tainedbyatómicemíSSÍonspectrometerana1ysisoncbillcast
discsofseveralsamples.
Thegraphitenodularityof ali alloysis betterthan85%.
Thenoduledensityof thesand-aOOdie-castaJ]oysis about
300nodules/mm2and2000nodu1es/mm2respectively.Dif-
ferentfractionsofpearliteandfemtewereidentifiedasthe
constituentsaftOOmeta1licmatrixintheas-caststate.
Themicrosegregationf Si, Cu, andMn wasevaluated
usingtwodifferentapproaches.A scanningelectronmicro-
scopeequippedwithanenergydispersivespectrometerwas
usedtocharacterizethedistributioninalloysAI andA2;ami-
croprobequippedwithawavelengthdispersivespectrometer
wasusedtocharacterizethedistrlbutioninalloysA3aOOA4.
Themicrosegregationstudieswereperforrnedavertrans-
versesections.
Theregionstobemicroanalyzedwerese1ectedusingan
irnaginarystraightline definedbetweentwo adjacentno-
dules.Thislinewasdividedin severalequalsegmentsand
themícroanalysiswasperformedattheendofeachsegmento
As theintemodulardistancewasnotconstant,itwasnor-
malized.At leastteninternodulardistances,fromdifferent
fieldsof view,werestudiedpersamp1e,correspondingto
somehundredsofana1yses.
Tubl/! 1. Alloymmpasition (,ut.-'1ó).
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AUoy C Si MIl Cu
AI 3.82 3.30 0.56 0.96
A2 331 2.50 0.56 1.(19
A3 3A1i 3.06 (lU 0.30
A4 3.43 3.04 0.55 0.92
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Thismeansthattheprofileof theSi/Mn andCu/Mn ralias
versusthedistancetothegraphitematrlxinterfaceshouldbe
a U-shapedcurve.Our resu1tsc1earlycontradicthisstate-
ment:in a greatnumberof casestheSi/Mn andCu/Mn ra-
tiosversusthegraphitematrixinterfacedistancedonotgive
a U-shapedcurve.In somecases,thereis Si andCu enrich-
mentattheinterfacewbilein othen;thereis a depletionof
these lementsandaMn enrichment.Thisbehaviorissimilar
foralIalloysstudiedinthiswork.
In thefaceof thispeculiaresult,severalmorenodule/
matrixinterCacesin alloyA2 weresubmittedtomicroanaly-
sis;in eachinterfacefourmeasurementswereperformedat
900toeachother,withtheaimofconfirmingtheoccurrence
On thea110ysAI andAl, Si,Mn, andCu contentswere
measuredusingSEM/EDS(Jeo135C/Noran-Voyager),acquir-
ingdataateachpointaverthe2 x211m2probe.Themicroa-
nalysiswasconductedat 15keVexcitationvoltageandthe
acquisitiontimewas2 min.
Camebaxequipmentwasusedforthemicroanalysisofal-
loysA3 andA4usinganacceleratingvoltageof15keVanda
beamcunentof21nA.Referencestandardsofpureelements
wereusedforthequantitativeanalysis.
Forbothtechniquestheweightpercentageofeacheltmtent
wascalculatedusingaprogramaccountingforZAFcorrections.
Oncesiliconandcoppersegregatenegativelyduringthe
solidificationofducnleironandmanganeses gregatesposi-
tively,onemayassumethatthehigh-
erconcentrationof SiandCu areas-
sociatedwith thelowerMn contento
Therefore,our microanalysisresults
wiIIbepresentedinawaythatshows
this relationship;the réltiosSi/Mn ~10
and Cu/Mn areplottedversusMn in
contentoFigure1 showstheserela-
tionshipsforalloyAI.
The resultsshow thatthereis a
trendfor high concentrationsof Si
élndeu tobeassociatedwithlowcon-
centrationsof Mn and vice-versa.
Thisbehavioris commonto all four
aDoys,asshownin FIgure2. which
presentsalithecol1ecteddata.
Accordingtotheclassicalaccepted
solidificationmodeldescribedabove,
thesolidificationof themetallicma-
trix beginsdoseto thegraphiteno-
dules,envelopingthemandavoiding
theircontactwith theliquid phase;
tbisimpliesthatthehighestlevelsof
Si andCu areassociatedwiththere-
gionsthatfirstsolidify.Thegraphite
matrixinterfacesarethenSi andCu
enrichedandMndepleted,whi1sthe
lowest contents of Si and Cu are asso- Fig.2.RLlaJilllo!5i/MnarrlCu/Mr1vs.Mnfora/lfouralÚ1!fS.
datedwiththelastregionstosolidify
a.e., the eutecticcell boundaries),
which are supposedto be Mn en-
riched.
Figure3 disp1aystbeSi/Mnand c
Cu/Mn evolutionalongseveralinter- ~4
nodularlinesfor al10yA2. In agree- U'J
mentwithtbemicrosegregationmod-
el, the higherSi/Mn and Cu/Mn
ratiasmustbe associatedwith re-
gionsdosetotbegraphitematrixin-
terfaceandthelowerfiguresof those
ratiosmustbeassociatedwitheutec-
ticcenboundaries.
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of Si/Mn andCu/Mn maximumfigures.Figure4 p]olsthe
Si/Mn andCu/Mn ratiosin theneighborboodof thenodule/
matrixinterface.
Theresultsshowthatthegraphitematrixinterfaceis not
systematicallySi andCu enrichedandMn dep]eted:in fad,
morethen50%aí theanalyzedpointspresentaSi/Mn ratio
lowerthanthenominalratioforthealloy(whichis4.45in the
caseai alloyA2).TheCu/Mn nominalratiofor thealloy15
1.%andmorethan30% of theana1yzedpointsgivelower
figures.It wasa1soverifiedin eachgraphitematrixinterlace
tbattherewasastrongdispersionofSi/Mn andCu/Mn ra-
tio,achievingvariationsashighas3:1.
Table2 supportsthisverification,showingthemaximum
andminimumfiguresfor theSi/Mn andCu/Mn ratiosin
severa!nodule/matrixinteríaces.
Nominal Ratio SiIMn =4.5
2-3 3-4 4-S S-6 6-7 7-8 1-9 9-1010-11
SiIMn
NominalRaIio~ =2.0
Theresultsreportedabovearenolconsistentwiththemelt
theorythat5Uggestshatgraphiteis fonneddiredlyflomthe
meltandsoonsurroundedby anausteniteshell,requiring
carbondiffusionforfurthergrowth.Tbisgrowthmodelim-
posesontheausteniteshellahigltcontentofgraphitizingele-
ments(Si,Cu)andalowcontentofcarbideformingelements
(C,Mn).
AlthoughwehaveconfirmedthatSiandCu segregarein-
verselywithMn,aclearcontradictionwasevidentwhenthe
Si/Mn andCu/Mn ratioswereevaluatedalongtheinternod-
ularpath.ThehighSi/Mn andCu/Mn figureswerenotgen-
erallyassociatedwiththegraphitematrixinterfaces,butwere
presentelsewhere.fi fad, oneshouldfind thatsomewhere
alongthispaththeSi/Mn andCu/Mn ratioshavemínima;
quitedifferentprofileswereobtainedasshowninFigure3.It
hasbeenpossibleto verifythattheminimain Si/Mn and
Cu/Mn ratiasmayoccurevenin thenodule/matrixinterface,
5UggestingthatthemetaOicmatrixenvelopingthenodules
resultsfromthela5tsolidifiedliquid,whichis C andMn en-
ricbedandSiandCu depleted.
Severalmicroanalysesaroundeachgraphite/matrixinter-
face,performedforoneoí theaUoys,showedthatthedistri-
butionof thechemicalelementsdid not foUowthepattem
forecastedby themelttheoryforthegraphiteformation.In-
tensechemicaldispersionof Si/Mn and Cu/Mn was ob-
servedandbothpositiveandnegativemicrosegregationwas
evaluated,asmaybedemonstratedby thedatapresentedin
Table2.ThisbehaviorequiresthesolidsWTOundingthenlr
duletobeformedfromliquidfractionswithdifferentcampo-
sitions.
In viewoí thesefactswesupposethattheductileironsoli.
dificationhastooccurbyanothermodel,diHerentfromthe
melttheory.In arecentpaperbyVandeVelde,I9Jadendritic
mode!forthisprocessisproposed;theauthorclaimsthaten-
ougltevidencei5avaiJabletojustifytherejectionai thetradi-
tionalideaaf graphireformationdirect1yfromthemelt.In
lhepast,severalresearchersadvancedtheoriesaboutsoUdifi-
cationoí ductileironbasedonaustenitedendritefurmation.
namelythecementitetheoryandtheaustenitetheory(pro-
posedby DunphyandPelliniandbyDeSyrv~OOttheywere
ignoredduethepopuIarityaf themelttheory,Morerecent1y
Stefanescu[21claimedthataustenitedendritespIayanimpor-
tantrolein thesolidificationof theductileirons,proposing
thattheywouldformsimultaneouslywithgraphiteandem-
braccthenodules,producingwhattheauthorcalls"theeu-
tecticgrain".
AccordingtoVandeVelde,(9)ducti1eironsolidificationisa
processinwhichtheeutecticliquidtransformsintoaustenite
dendritesam!enrichesincarbon.infactamechanismidentical
totheoneuniversallyacceptedforthebainiticreaction.With
theprogressof thereaction,theliquidwill finallysegregate
carbontotheinterdendriticnterstices,amongstthedendrite
branches.Duetothelowspecificmassof carbon,aconsider-
ableexpansíoni5associatedwithitsprecipitation,thespherl-
calmorphologybeingacceptedasnatural.Thishypothesisi
quitecompatiblewiththeresultspresentedinthiswork.
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1-2 2-3 3-4 4-5 S-6 6-7 7-8
CuIMn
Fig.4.Di.tribJdionfmtuencyofSi/MnImdCulMnMlioin/lU'CIlSI!oflll10yAl.
TRb1e2.SilMnrmdCulMn1Illios(IIOminoSmtiw,mi,rimum.aM marimllmMIres)
01:1mdi/ferentnorbde/mlllrizjnterfaces.in lhecaSl'Dftlled110ilAZ.
Nodute/matrixinterface
D 4 5 6 7 8 9 10
Si/ 4.5
:;i/Mn 2.4 4.5 4.6 33 3.6 4.4 5.0 4.5 4J) 43
(uUN
SiIMn 7J) 8.6 9.4 7.0 83 8.6 9.1 10.68.3 7.4
6Dax)
Mn 2.0
1.6 2.1 3.8 1.6 1.9 1.9 2.5 3.1 2.1 2.3
CulMIt 5..5 53 7.1 5.6 5.9 7.7 7.4 7.1 6.8 39
<-x>
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Our resultsrequirethat,duringsoUdification,a growing
nodulemustbeincontactsimultaneouslywithearlyandlate
regionsto solidify.This is a reasonablewayto explainthe
high dispersionof the Si/Mn and Cu/Mn ratiosin the
graphitematrixinterfucesandtheirregularprofilesfor Si/
Mn andCu/Mn ratiosalongtheintemodularegions.When
a growingnodulehasin itsneighborhoodanearly-fonned
dendritebranch,its intenacewi11beSi andCu enriched.
Whenthenoduletouchesa residualsolidifyingmeltor a
late-formedendritebranch,its interfacewill be ~n en-
riched.Honeacceptsthatgraphitenodulesnudeatefromthe
interdendriticliquid insteadof nudeatingfromtheinitial
melt,thisexplanationbecomesplausible.In this case,the
growthof graphitewi1l occur in contactwith austenite
formedsooneror laterin thesolidificationprocess,which
meansthattheaustenitewill bechemicallyheterogeneous,
makingpossib1ehighcompositionalvariationsof thegraph-
ite/matrixinterface.
Figure5 sltowstheas-castmic10stmctureof thcalloyA3
die-cast,resultingf10ma specialetchingprocedure,f10m
Boutobariet aJ.}1°1usedto showtheprimarysoUdification
structure:thewhiterregionsindicatehighMn contents_Jt is
obviousthatthegraplútenodulesareincontactwithregions
with quitedifferentMn contentoRundman[11Jhasal$oTe-
porteddatashowinghighMn contentdosetothegraplúte/
matrixinterfaces.AlI theseargumentsarecoherentwithVan
deVeldeideasandin contradictionwiththedassicalgraph-
iteformationtheory.
Microsegregationstudiesoverfourdifferentductileirons
showedthatSiandCu segregateinverselywithMn.
Si/Mn andCu/Mn determinationsshowedconsiderable
variationandtheexpectedecreasewithincreasingdistance
toanadulewasnotevident.
A greatdispersionof theSi/Mn andCuIMn ratioswas
determinedafterlocalmicrosegregationmeasuresin theme-
taUicmatrixinterfacedosetothegraphitenodule.
A greatnumberofmicroanalysismeasurementsin theme-
tallicmatrixdid showthattheinterfacesdosetothegraphite
nodulesmaypresentSi/Mn andCu/Mn ratios)owerthan
thenominalcompositionofthcaDoy.
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Fig. 5. OptÍi:llIas-€llSfIIfÍCTO$'nrdllre01nlloy A3 .1i~'Qsl sholl'inf(theoorÍllti01lfon
Mn contmt(Il!/rife,n,ensnfllMtJ mric/redreJ{Íons)(x 1001.
Theresultsobtainedin thisworkareincontradictionwith
themicrosegregationpatternimposedby themechanismof
graphitegrowingfromthemeltandbecomeplausibl.eif the
mechanismofdendriticductileironsolidificationisassumed.
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